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Material and methods

85
The model 86 We consider a prototypical aquatic metapopulation living in a river network made of n 87 nodes (Fig. 1a) , each of which represents a river stretch where local ecological conditions are 88 identical. We assume that the species has two ecologically distinct developmental stages, thus 89 we split the population in young (non-reproductive) individuals (Y ) and adult (reproductive) 90 individuals (A). Movement from node to node can occur through different pathways, either 91 along the stream network or overland. Local demographic processes (birth, growth and 92 death) and dispersal dynamics in each node i of the river network are described by the 93 following system of 2n ordinary differential equations
where: Dispersal probabilities P hji and Q k ji depend on the connectivity structure provided by the 110 environmental matrix and the dispersal mechanisms relevant to the metapopulation being 111 investigated. As for connectivity, we consider three hypothetical network structures for 112 theoretical analyses and two real river networks (the Shenandoah river and the MMRS)
113
for more realistic case studies. The hypothetical networks considered here are a 1-D lattice
114
( Fig. 1b) , a deterministic fractal, namely a Peano construct (Fig. 1c ) and a so-called Optimal
115
Channel Network (OCN, Fig. 1d ; Rodriguez-Iturbe & Rinaldo, 1997 
119
OCNs represent a further step forward, in that their topological and metric properties are 120 virtually undistinguishable from those of real river networks.
121
As for dispersal pathways, the first and foremost mechanism to be considered in a riverine 
132
Dispersal probabilities are subsumed into connection matrices, namely P h = P hij and
We assume that n j=1 P hij ≤ 1 and n j=1 Q k ij ≤ 1 for any i, h and k.
134
Specifically, row-wise sums can be less than one in the presence of absorbing boundary 135 conditions (see again Appendix S1) and/or costly dispersal (Casagrandi & Gatto, 1999) ,
136
which both imply the non-conservation of the abundance of dispersing organisms. Finally,
137
the union of the graphs associated with the matrices P h and Q k is assumed to be strongly 138 connected, so that it is always possible for the individuals of the focal species to find a path 139 between any two nodes of the river network via the available dispersal pathways. 
163
A spatially explicit persistence criterion
164
As detaild in Appendix S2, the stability switch of the extinction equilibrium corresponds to the condition det (I n − J ) = 0, where J is a matrix of size n, deducible from the 2n-sized
In the previous expression, 
In other words, the occasional introduction of some individuals in some network nodes results
174
in a successful colonization if (and only if) E 0 > 1. In this case, the assumption of strong 175 connectivity made above implies that persistence is granted in all the network nodes.
176
Criterion (3), shows that not only local demographic processes (first term in the right-
177
hand side of eq. (2)), but also average net immigration from connected sites (second and for the underlying ecological processes (Appendix S3).
187
The role of network structure and dispersal pathways
188
As a basic test case to study persistence in a river network, we have analyzed a population in 
213
To analyze how different dispersal pathways can influence metapopulation persistence,
214
we have studied populations in which juveniles disperse not only along the hydrological 215 network but also overland (l 1 > 0, l 2 > 0, l h = 0 for any h > 2, m k = 0 for any k, (2)), thus greatly favoring the persistence of metapopulation inhabiting complex 227 river networks (Fig. 2c) . The effects of this synergism are very robust not only to changes 228 of the demographic rates, but also to variations in the exploitation of different dispersal 229 pathways in relation to specific life histories (Appendix S5).
230
One might wonder whether enhanced persistence due to the superimposition of different 231 dispersal pathways is simply due to higher overall (i.e. along-stream + overland) dispersal.
232
We have thus repeated some of the analyses above considering different dispersal strategies, 233 defined as the combination of overland and aquatic dispersal operated by a population.
234
Specifically, we assume that a fraction φ of the total movement rate K is allocated to overland 235 movement, while the remaining fraction 1 − φ is allocated to water-mediated dispersal.
236 Fig. 2d reports a systematic exploration of the parameter space (K, φ), each point of which 237 represents a different dispersal strategy, and shows that even relatively small fractions of 238 total movement rate allocated to overland dispersal are sufficient to guarantee persistence.
239
The exploitation of alternative dispersal pathways (specifically, of overland dispersal) can 240 thus remarkably affect the fate of a population subject to downstream drift in a riverine 241 ecosystem.
242
Persistence of an amphibian metapopulation in a river system
243
The framework presented above can be adapted to study the persistence of a real metapopu-244 lation in a river network. As a proof of concept, here we study the fate of a metapopulation The zebra mussel (Dreissena polymorpha), a freshwater bivalve native to Eurasia, invaded 
356
The presented framework could obviously be made even more realistic in many respects. l 1 = 180, P 1 = F, b = 0.8, l 2 = 3.6, P 2 = Γ, ∆ = 0.2, l h = 0 for h > 2, m k = 0 for any k.
584
All rates in year −1 . Parameters have been chosen to reproduce the basic timescales of zebra 585 mussels' lifecycle (Appendix S8). 
